ABSTRACT X-ray diffraction studies of a D-galactose-binding protein essential for transport and chemotaxis in Escherichia coli have yielded a model of the polypeptide chain backbone. An initial polyalanine backbone trace was obtained at 3.2 A resolution by the molecular replacement technique, using a polyalanine search model derived from the refined structure of the L-arabinose-binding protein. Concurrently, a 3 A resolution elec. tron-density map of the D-galactose receptor was determined from multiple isomorphous replacement (MIR) phases. The properly transformed initial polyalanine model superimposed on the MIR electron-density map proved to be an excellent guide in obtaining a final trace. The few changes made in the polyalanine model to improve the fit to the density were confined primarily to the COOH-terminal peptide and some loops connecting the elements of the secondary structure. Despite the lack of significant sequence homology, the overall course of the polypeptide backbone of the D-galactose-binding protein is remarkably similar to that of the L-arabinose-binding protein, the first structure in a series to be solved from this family of binding proteins. Both structures are elongated (axial ratios of 2: 1) and composed of two globular domains. For both proteins, the arrangements of the elements of the secondary structure in both domains are identical; both lobes contain a core of f-pleated sheet with a pair of helices on either side of the plane of the sheet. The four major hydrophobic clusters that stabilize the structure of the L-arabinose-binding protein are also present in the D-galactose-binding protein.
Accordingly, an x-ray structural analysis of several receptorsat least one from each of the major groups with specificity for amino acids, ions, or carbohydrates-has been initiated. This goal is imminently attainable because single crystals of five binding proteins specific for L-arabinose, D-galactose, Dmaltose, sulfate, and leucine, isoleucine, or valine have been obtained (1) and recently considerable success in solving four structures has been achieved. The refinement at 1.7 A resolution of the molecular structure of the L-arabinose-binding protein, the first of the series to be determined (2) , is near completion. The protein is elongated and composed of two similar globular domains that have extensive 8a/3 units (2) , and the binding site is located in a cleft between the two lobes (3, 4) . The D-galactose chemoreceptor has been solved at 4J1 A resolution by the multiple isomorphous replacement (MIR) technique (5) , and very recently, 3 A resolution Fourier maps calculated from the MIR phases for the sulfate-binding protein and the leucine/ isoleucine/valine-binding protein were obtained (unpublished data). Moreover, amino acid sequences of several binding proteins of interest have been determined-L-arabinose-binding protein (6) , D-galactose-binding protein (7) , leucine/isoleucine/valine-binding protein (8) , and sulfate-binding protein (9) .
Phillips et aL (10) originally made the suggestion that the overall conformation of the L-arabinose-binding protein seen at 3.5 A is likely to be characteristic of this family of proteins (see also ref. 11 ). This subsequent observation (5) that "the structure of the D-galactose binding protein at 4.1 A resolution looks like L-arabinose-binding protein" is, at least for the class of carbohydrate-binding proteins, consistent with this proposal. Parsons and Hogg (12) have previously indicated, on the basis of antibody crossreactivity, that the two sugar receptors share some regions of similar conformation. Moreover, circular dichroic measurements of both sugar-binding proteins show virtually identical spectra, indicative of similar extensive secondary structures (refs. 3, 11; unpublished data 16 A, and only the asymmetric unit of the rotation space was investigated.
The solution of the galactose receptor structure at 3 A resolution by the MIR technique was achieved by using the heavy atom derivatives indicated in Table 1 . MIR refinement was carried out in the usual procedure of Blow and Crick using the PHASEREF phasing program (17) . The mean figure of merit at 3 A resolution for 5,211 reflections is 0.54. Other refinement statistics are summarized in Table 1 .
RESULTS AND DISCUSSION
Two factors that could have a bearing on the molecular replacement analysis had to be taken into consideration at the outset. First, the decision to use the polyalanine model rather than the complete refined structure of the L-arabinose-binding protein as the search molecule was initially based on the finding that the amino acid compositions of the L-arabinoseand D-galactose-binding proteins, both from E. coli B/r, are dissimilar (12) ; this is in agreement with the later result indicating only 18% sequence homology between the L-arabinose-binding protein (6) and the D-galactose chemoreceptor (7) . Despite these findings, both sequences show that the polypeptide chain lengths for both sugar-binding proteins are nearly the same; D-galactose-binding protein has 309 residues, only 3 more than L-arabinose-binding protein. Moreover, it has been predicted recently that both proteins have similar secondary structures (18) . Second, although there is evidence for a sugar-induced conformational change in the two proteins, crystals of both were obtained from purified proteins with endogenous bound sugar substrate. L-Arabinose is bound to the L-arabinose-binding protein (4), whereas D-glucose is bound to the D-galactose-binding protein (19) .
Calculation of a rotation function at 3.2 X resolution of the polyalanine model Patterson density against the D-galactosebinding protein Patterson density showed a single large peak, which is 1.36 times the next largest peak, at eulerian angles a = 1100, (3 = 350, and y = 1250. These orientational parameters were applied to the original polyalanine search model coordinates and the oriented model was subsequently placed Finally, a Patterson translation search using Langs' method (20) , following modification of the initial rotational parameters, provided an independent confirmation of the correctness of the initial translation parameters. Fig. 1 shows the map of the translation function 4) (2xl/2,2z) (defined by Langs) calculated by using 475 large terms in the 14-3.2 A range. The single dominant peak, which is 1.24 times the second highest peak, occurs for the particular choice of the 4) function origin at 2x = 1.58 and 2z = 1. A resolution. Considering that the calculation is for the nine model, the R factor compares favorably with va tained from other molecular replacement studies of having identical or closely homologous sequences (17, (5) .
Although on the whole the helices and 3-sheet strands from the molecular replacement model coincided with the corresponding segments of density (Fig. 2) , we observed that several of the (carbon atoms are shifted from the main density that clearly belongs to side chain residues. The fit of some of the loops connecting the elements of the secondary structure and the COOH-terminal peptide was far less satisfactory. Reciprocal. space rigid-body refinement in the range 8-3.2 A resolution of the polyalanine model using the program COR-ELS (24) failed to significantly improve the fit, although the R factor decreased to 35%, likely because of the absence of side chains in the model to serve as additional guides. The logical recourse at this juncture would have been to adjust the model and fit the side chain residues, but the computer graphics system (Evans and Sutherland PS300) for molecular modeling was not acquired until a year later. Moreover, we preferred to rebuild the model with respect to density maps calculated from higher resolution MIR phases or from improved phasesi derived from a combination of MIR and the current model (or both).
Concurrent with the molecular replacement study, the MIR The D-galactose-binding protein model was obtained from the 3 A MiR density map using an Evans and Sutherland PS300 computer graphics system. The coordinates for the L-arabinose-binding protein model were derived from the structure refined at 1.9 A resolution. The significance of the numbers is explained in Fig. 2 . N and C, NH2 and COOH termini.
phases of the D-galactose-binding protein were extended from 4.1 to 3 A resolution. From the resulting electron-density map calculated with "best phases," we were able to obtain a model of the polypeptide backbone of the D-galactose-binding protein by using the computer graphics system. * The model is shown in Fig. 3 . The result of the molecular replacement analysis greatly aided us in the elucidation of the model. Although the polyalanine search model properly superimposed onto the 3 A MIR map served as the initial guide, it was, as noted above, necessary to make adjustments to better fit the density, which at this resolution showed more clarity overall. Also, as noted above, the COOH-terminal peptide, commencing at residue 286, and loops required substantial changes. (Fig. 3) (27) . The significance of a bilobate structure in ligand binding and concomitant conformational change has been discussed elsewhere (3, 28).
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